PAX6, a paired box transcriptional factor, is considered as the master control gene for morphogenesis of the eye. Human PAX6 mutations have been associated with a range of eye abnormalities, including aniridia, various anterior segment defects and foveal hypoplasia. We carried out a mutational analysis of the PAX6 gene in 54 unrelated patients with aniridia or related syndromes. A deleterious variation was evidenced in 17 sporadic cases (50%) and in 13 (72%) familial cases. Twenty-four different mutations, 17 of which are novel, were found. The spectrum of PAX6 mutations was highly homogeneous: 23 mutations (96%) leading to premature stop codons (eight nonsense and four splice site mutations, 11 insertions and deletions) and only one (4%) missense mutation. Twenty-two mutations were associated with aniridia phenotypes whereas two were associated with atypical phenotypes. These latter encompassed a missense mutation (R19P) in an individual with a microphthalmia-sclerocornea and a splice site mutation (IVS4+5G4C) in a family presenting with a congenital nystagmus. Both represented the most probably hypomorphic alleles. Aniridia cases were associated with nonsense or frameshifting mutations. A careful examination of the phenotypes did not make it possible to recognise significant differences whenever the predicted protein was deprived of one or another of its functional domains. This strongly suggested that most of the truncating mutations generated null alleles by nonsense mediated mRNA decay. Our observations support the concept of dosage effects of the PAX6 mutations as well as presenting evidence for variable expressivity.
Introduction
The PAX6 gene (paired box homeotic gene 6) has a key role as a master regulator in the development of the eye and central nervous tissues. It was identified as the candidate gene for aniridia (MIM 106210) which is a relatively rare panocular disease, characterised by complete or partial hypoplasia of the iris. Aniridia occurs in the general population at a frequency of around 1 in 60 000 -100 000. The eye and visual defects associated with aniridia include some or all of the following: corneal opacification, cataract, glaucoma, lens dislocation, ciliary body hypoplasia, foveal hypoplasia, strabismus, and nystagmus. 1 -3 Two-thirds of aniridia cases are familial. The trait is autosomal dominant with a high degree of penetrance, but variable expressivity. In the remaining third no previous family history is found. A small number of the patients have WAGR syndrome (Wilms tumour, aniridia, genitourinary anomalies, mental retardation), a contiguous gene syndrome arising from deletion of chromosome 11p13, which encompasses both the PAX6 and WT1 genes. 3, 4 The aniridia gene (AN) has been localised on chromosome 11p13 5 -9 and isolated by positional cloning. 10 PAX6
gene spans 22 kilobases, is divided into 14 exons and encodes by alternative splicing two proteins of 422 and 436 amino acids. 11 The predicted protein harbours functional domains: a 128 amino acid paired domain (PD) and a 61 amino acid homeodomain (HD) separated by a 78 amino acid linker segment (LNK) and followed by a 153 amino acid C terminal region rich in Proline, Serine, and Threonine (PST). 10, 11 Heterozygous PAX6 mutations are responsible for aniridia and have also been found casually in patients with Peters' anomaly, congenital cataracts, autosomal dominant keratitis, and isolated foveal hypoplasia. 2,3,12 -14 To date about 172 distinct mutations quite uniformly distributed across the gene have been described (for a review see Prosser 1998, 3 the PAX6 mutation database: http://www.hgu.mrc.
ac.uk/Softdata/PAX6). Nearly all reported mutations lead to premature protein termination and the paucity of missense mutations remains unclear. The molecular basis of these various ocular defects is loss of function of one allele, resulting in a 50% reduction in overall activity (haploinsufficiency) rather than the accumulation of dominant or dominant-negative forms of the protein. Compound heterozygosity is thought to be lethal 15, 16 as leading to severe malformations of the foetuses.
Here, we report a mutational analysis of PAX6 gene in 54 unrelated patients with aniridia or one of various closely related syndromes. Mutations were found in 30 of them and 17 of these mutations have not been previously described. A review of clinical features in our series, supported the concept of dosage effect of the PAX6 mutations as well as presenting evidence for variable expressivity and showed few if any phenotype/genotype correlation.
Patients, materials and methods

Patients
Fifty-four unrelated patients with aniridia or a closely related syndrome were screened for mutations of the PAX6 gene after their informed consent was obtained according to French law.
In aniridia patients, 16 cases were familial and 34 were sporadic. As for variant phenotypes, two sporadic cases of isolated foveal hypoplasia, one familial microphthalmia sclerocornea and one congenital nystagmus associated with iris and foveal hypoplasia were included. We also performed similar analyses in two familial and two sporadic cases of Peters' anomaly.
Mutation screening
Genomic DNA was prepared from venous blood according to standard protocols. The coding exons 4 -13 of the PAX6 gene with intronic flanking sequences were amplified by PCR using previously published primers. 11, 17 All PCR products were submitted to single-strand conformation analysis (SSCA) to detect electrophoretic mobility variants in exons 4 to 13. In addition Denaturing Gradient Gel Electrophoresis (DGGE) was performed for exons 9 and 10.
For SSCA, denatured PCR products were separated on a non denaturant MDE gel (TEBU, FMC BioproductsEurope, Denmark), run at 48C overnight at 3 W and 4 -5 h at 12 W (constant power) and then visualised by silver staining. 18 DGGE analysis of exons 9 and 10, used GC-rich specific primers (GC clamp incorporated at the 5' end of direct primer of exon 9 and at the 3' end of the reverse primer of exon 10). Each amplified DNA sample was subjected to electrophoresis at 160 V in a 6.5% polyacrylamide gel (37.5 : 1) containing a linear denaturant gradient (10 to 40% and 0 to 50% ureaformamide for exons 9 and 10 respectively). Following electrophoresis, the gels were stained with ethidium bromide and photographed under UV transillumination. DNA from amplified exons displaying variant migration patterns were sequenced. PCR fragments were purified with QIAquick Gel Extraction (QIAGEN SA, France) and sequenced using the Perkin-Elmer dye-terminator cycle sequencing kit (PE Biosystem, UK). Reactions were run in ABI373Strech or ABI310 sequencers (PE Biosystem, UK) and sequences analyses were carried out using Mac Vector program (version 6.5, Oxford Molecular Genetic, UK). Whenever possible, some mutations were screened by restriction enzyme digestion of PCR-amplified exon DNAs, using specific enzymes as the R240X and the R317X mutations create or abolish respectively a DdeI and HaeIII restriction site.
Microsatellite genotyping
Polymorphic markers D11S995 (591A/B), D11S935 (AFM254zb9) and AFM205yg5 closely flanking the PAX6 gene, and two intragenic polymorphisms: a dinucleotide repeat in the promoter, 19 (Genbank access #NT 009237) and IVS8CA/GT (Genome Data Base #215669) were used in order to screen deletions by familial segregation analysis.
RT-PCR
Total RNAs were extracted from frozen pellets of lymphoblastoid cells with RNeasy Midi kits (QIAGEN SA, France). RT-PCRs were performed using Omniscript RT kit according to the manufacturer's instructions (QIAGEN SA, France). The products of the RT were then amplified by PCR using previously published methods. 20 As for the IVS4+5G4C, a semi-nested PCR used the C139 primer in exon 3 20 in order to by-pass a skipping of exon 4. Electronic analysis of the splice site variants was conducted using the online human splice site prediction programs at http://www.fruitfly.org/seq_tools/splice.html and http://www.itba.mi.cnr.it/webgene.
FISH
FISH was carried out using a standard protocol with the FAT5 (PAX6) and B2.1 (WT1) cosmids. 21, 22 Haploinsufficiency in PAX6 mutations M-C Vincent et al 164
Results
Mutational spectrum
Screening of the entire coding sequence of the PAX6 gene was performed in the 54 unrelated patients allowing identification of 30 heterozygous mutations, including 24 distinct variants of which 17 are novel (indicated in bold in Table 1 ).
The majority (23/34) of mutations was predicted to lead to an absent or truncated protein (11 insertions and deletions, including a complete deletion of the PAX6 gene, 8 nonsense mutations and four splice site mutations). Only one missense mutation (R19P) was detected. It affected an highly conserved residue in PAX6 paired-domains of all species so far analysed. The substitution of the arginine by a proline in codon 19 probably led to a spatial conformational change of the PAX6 protein.
We observed four point mutations in splice sites of which two are novel. One was located in the donor splice site of exon 4 (IVS4+5G4C) and the other in the acceptor splice site of exon 7 (IVS671G4C). The splice site scores were electronically predicted to be dramatically reduced suggesting the impairment of splicing. In both cases, the routine RT-PCR using published primers 20 detected only normal 
mRNA isoforms. Concerning the IVS4+5G4C mutation effect, as the direct nested primer C127 (located in exon 4) lay within a possible skipped area, an extensive search of variant mRNA has been conducted using new sets of primers in nested PCR reactions. This made it possible to detect a mutant mRNA with a skipping of exon 4 (manuscript in preparation). In the case of the IVS6-1G4C, the sensitivity of RT -PCR was questioned. As four normal isoforms 11,23 -25 of the PAX6 mRNA have been systematically recovered we excluded a lack of detection and concluded that the mutant mRNA was unstable.
Only three of the eight nonsense mutations were novel: C40X, Q179X and Q301X. Seven mutations affected CpG sites. While R240X and R317X were found three times each in our population, mutations Q179X, R203X, R261X, W265X and Q301X were found once each in patients from distinct families. Five of these have been previously reported in the database and the most representative ones are R240X (17/212 cases), R317X (12/212 cases) and R203X (7/212 cases).
All deletions/insertions mutations identified in our study were novel. Notably an in frame 15 bp deletion, 427 -441del, was found in exon 5. It deprived the predicted protein of the five (PDSTR) amino acids encoded by codons 22 to 26. This mutation arose in a highly conserved region among PDs corresponding to the amino terminus of the first a-helix and it is predicted to alter the ability of the PAX6 protein to bind its target DNA sequences.
In two families microsatellite segregation analyses detected large deletions in patients 98/216 and 99/423 (Table 1 ). FISH analysis confirmed that these deletions respected the WT1 gene (data not shown).
The mutations reported in our study were scattered all over the gene, including the PD (46%), LNK (9%), HD (27%) and PST region (18%). They, at least, deprived the protein of one or another of its functional domains.
Phenotype/genotype correlation
All but two mutations were associated with the aniridia phenotype. A missense mutation (R19P) occurred in a familial form of an unusual microphthalmia-sclerocornea phenotype and a splice site mutation (IVS4+5G4C) in a family presenting with congenital nystagmus, partial hypoplasia or atypical coloboma of iris and foveal hypoplasia.
Review of clinical features showed few if any phenotype/ genotype correlation ( Table 2 ). The nature of mutation did not appear to predict the severity of the disease. Notably, the complete deletion of the PAX6 gene encountered in patient 99/423 did not induce distinctive or more severe clinical manifestations than those associated with nonsense mutations, even the most distal ones (Q301X, patient 99/ 866; R317X, patient 00/523). Moreover examination of the phenotype did not make it possible to recognise significant differences whenever the protein was deprived of one or another of its functional domains. Although an interfamilial difference was found in expressivity in individuals bearing the same mutation (ie R240X, C40X), similar phenotypes were observed in distal (R317X patient 309) and in proximal (C40X patient 97/228) truncative mutations. However we noticed that the R261X (patient 97/ 083) and W265X (patient 167) mutations that deprived the protein of the PST domain only led in our patients to more severe ocular anomalies than those depriving the protein of both the HD and PST domains as the R203X (patient 98/218).
It is worthwhile to note that missense mutations appeared to be both rare events and associated with uncommon phenotypes.
No mutation was found in patients with Peters' anomaly.
Discussion
Mutation spectrum and diagnostic implications We screened 54 unrelated families or sporadic cases, over all the coding sequence of the PAX6 gene and described 17 novel mutations.
Despite an association of several methods (direct analysis by SSCA, DGGE or indirect familial study with microsatellites) a deleterious variation was evidenced in only 50 -72% of cases. This detection rate is lower than expected considering previous reports. 25, 26 We cannot exclude that it could be due to technical pitfalls as well as to the relatively high percentage of sporadic cases. Indeed our detection rate was 72% in familial cases corresponding to the detection rates previously published. In other respects, as we focused our study on protein coding regions, mutations might lie in regulatory regions of the PAX6 gene 27 or correspond to gene rearrangements (inversions or duplications) that would have been missed by our approach. Alternatively, other gene(s) involved in eye development may be implicated. It is difficult to comment meaningfully on the PAX6 mutation pattern as most categories are represented, from large scale rearrangements to single base substitutions and small insertions and deletions. 3, 4 Not surprisingly hot spots of mutations are constituted by CpG sites. The Arginine of codon 240 and 317 are to date the most recurrent point mutations found in the PAX6 gene according to the classical deamination of methylated Cytosine mechanism, as 29 families carry one of these two nonsense mutations 28 (PAX6 mutations database). The PD and HD contain a disproportionate number of mutations from that expected on the basis of their size alone. In the case of the HD, the hypermutable nucleotide 1080 is responsible for the increase, but in the PD the number of different mutations is much higher than expected and it is difficult to find a sequence-based explanation for this increase. 
Phenotype -genotype correlations
Mutation detection has already proven to be useful for genetic counselling and prenatal diagnosis in aniridia
families. Because sporadic congenital aniridia or anterior segment dysgenesis may be associated with a deletion of both PAX6 and WT1 and may predispose to Wilms tumour (WAGR syndrome), the detection of an intragenic PAX6 mutation prevents the need for routine kidney ultrasound screening. In all cases, detection of a PAX6 mutation facilitates full genetic counselling. 3, 29, 30 Regardless WAGR syndromes, a mild mental retardation has been reported in a few cases of aniridia patients bearing PAX6 point mutations (namely R44X, I87R and Q135X). The frameshifting de novo insertion of 31 nucleotides in position 473 of the cDNA, leading to a premature STOP, 28 codons downstream was found in a young boy with intellectual impairment. Owing to the paucity of mental retardation in patients bearing similar PAX6 mutations, such an association might be fortuitous.
Nearly all pathogenic alterations so far reported appear to be loss-of-function mutations that predispose to aniridia. Most of the nonsense mutations are assumed to mediate mutant mRNA which are underexpressed. 26 A nonsensemediated mRNA decay is currently observed as a major control mechanism of the mRNA quality in cells (for a review see 31, 32 ). This would explain that premature stop codons bearing mRNA could have a similar effect to a deleted allele. In that way, alleles that were presumed to encode truncated proteins most probably do not lead to protein synthesis. So it enlightens the fact that all attempts made to correlate the phenotype according to the site of the nonsense mutations were unsuccessful. Nevertheless, some hypomorphic alleles may arise from reduced, rather than eradicated activity and result in less severe or phenotypically variable aniridia, or related phenotypes. 3 On the other hand, the deprivation of the transactivation domain induced by R261X and W265X while DNA binding through PD and HD remains functional, was found to lead to particularly severe phenotypes in our patients. They raise the hypothesis of a dominant negative effect rather than haploinsufficiency and several functional data questioned that mechanism. 33, 34 This suggests that some mRNA harbouring premature stop codons escape the degradation pathway and make truncated proteins synthesised. 35 The rare missense mutations of the PAX6 gene tend to provoke atypical aniridia or milder phenotypes. It is possible that they provide a variety of functional errors of the PAX6 protein, and hence result in several variants of aniridia. 16, 25, 36, 37 According to these observations, the R19P mutation (patient 98/217) is associated with an uncommon familial phenotype. By analogy, the non aniridia phenotype encountered in the patient bearing the IVS4+5G4C mutation is not in favour of haploinsufficiency. This mutation mimics the previously described IVS4+3AA4GC mutation which leads to exon 4 skipping. As this exon contains the translation start site, the absence of protein is expected. Nevertheless, the mutant mRNA was recovered in cultured cells. So an in frame putative alternative ATG in exon 3 could direct the synthesis of a slightly modified protein.
Taken together all these data reinforce the concept of dosage effects 16 of the majority of 'truncating' PAX6 mutations as they result in null alleles as well as presenting evidence for an inter-and intra-familial variability of clinical expression. 38 
